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Leukemia inhibitory factor (LIF) is a member of the IL-6 cytokine family that functions in the survival, repair and formation of neurons as well
as in the maintenance of neural and embryonic stem cells. The functions of LIF have been well documented in mammals, however until recently,
the presence of IL-6 family cytokines in ectothermic vertebrates has only been speculated. We report on the identification of lif and lifr transcripts
in the zebrafish and document the expression of these molecules in the developing embryos and tissues of adult zebrafish. We also examined the
phylogenetic relationship between these molecules and other IL-6 cytokine family members known in mammals. In adult zebrafish, lif is
expressed in the kidney and brain while lifr is expressed in the kidney, gill, brain, spleen and liver. During zebrafish embryogenesis, lif and lifr are
both expressed as early as 12 hours postfertilization (hpf). In developing zebrafish, lif is expressed in the otic vesicle, retina and cranial sensory
ganglia, and lifr is strongly expressed in the notochord, forebrain, otic vesicle, cranial ganglia and the retina. Morpholino knockdown of Lif and
Lifr in developing embryos suggests that Lifr, but not Lif is required for proper neural development. lifr morpholino-injected embryos exhibit
defects in the trigeminal, facial and vagal branchiomotor neurons, and improper axonal development as measured by acetylated tubulin staining.
These embryos also display severe hydrocephaly by 48 hpf. This suggests that Lifrs are involved in proper neural development in zebrafish. This
is the first evidence of the expression and role of an LIFR-like molecule in developing fish.
© 2007 Elsevier Inc. All rights reserved.Keywords: Leukemia inhibitory factor; Leukemia inhibitory factor receptor; Zebrafish; Development; Neurogenesis; IL-6 cytokine; LIF; LIFR; EmbryogenesisIntroduction
Leukemia inhibitory factor (LIF) belongs to the IL-6
cytokine family that also includes interleukin 6 (IL-6) and 11
(IL-11), ciliary neurotrophic factor (CNTF), cardiotrophin 1
(CT-1) and oncostatin M (OSM). LIF has a diverse array of
effects including the induction of proliferation in some
hematopoietic cells, bone formation, hormone production, the
production of acute phase proteins, formation and survival of
neurons, and it is essential for embryonic development⁎ Corresponding author. CW-405 Biological Sciences Building, Department
of Biological Sciences, University of Alberta, Edmonton, AB, Canada T6G 2E9.
Fax: +1 7800 492 9234.
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doi:10.1016/j.ydbio.2007.10.012(Metcalf, 2003). The members of this cytokine family share a
high degree of functional redundancy, primarily because they all
use a common receptor subunit to exert their effects. LIF,
CNTF, CT-1 and OSM signal via a heterodimeric receptor
complex that includes leukemia inhibitory factor receptor
(LIFR) and gp130, whereas IL-6 and IL-11 signal via a
homodimeric receptor of two gp130 molecules (Gearing et al.,
1993; Ihle and Kerr, 1995; Stahl et al., 1994). Dimerization of
the receptor subunits induces downstream signaling cascades
that function largely via the JAK (Janus kinase)/STAT (signal
transducer and activator of transcription) and the MAP
(mitogen-activated protein) kinase pathways (Barnabe-Heider
et al., 2005; Bonni et al., 1997; He et al., 2005; Molne et al.,
2000; Viti et al., 2003).
Perhaps the most well-studied aspect of LIF biology is its
involvement in the survival, formation and repair of neurons
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and Patterson, 2006; Eckert and Niemann, 1998; Smith et al.,
1992). LIF is commonly used to promote the self-renewal of
mouse embryonic stem cells (Williams et al., 1988), mouse
embryonic neural stem cells (Bauer and Patterson, 2006;
Bonaguidi et al., 2005; Gregg and Weiss, 2005; Pitman et al.,
2004; Williams et al., 1988) and human embryonic neural stem
cells (Wright et al., 2003). The mechanisms behind the retention
of stem cell multipotency are not known, however LIFR/gp130
signaling has been shown to regulate the expression of Notch1
(Chojnacki et al., 2003), which was shown to be important for
the maintenance of neural stem cells (Hitoshi et al., 2002).
Moreover, LIF expression is commonly associated with neural
injury and has been shown to be an essential stimulus for
proliferation of neuronal progenitor cells after injury (Bauer et
al., 2003). In addition, LIFR/gp130 signaling was shown to be
instrumental in the differentiation of neural progenitors into
astrocytes (Koblar et al., 1998).
Although LIF appears to play a central role in embryogen-
esis, LIF−/− mice have very few abnormalities aside from the
observation that LIF−/− female mice were shown to be unable
to become pregnant (Escary et al., 1993; Stewart et al., 1992), a
deficiency that was overcome by injection of LIF (Chen et al.,
2000). This observation suggests the central requirement for
LIF in vivo. Recently, an IL-6 family cytokine was identified in
the carp (Fujiki et al., 2003). This molecule, named M17,
exhibited similar expression patterns to mammalian LIF and
CNTF and shared closest amino acid identity to CNTF. We
identified a goldfish M17 transcript and showed that it was
highly expressed in the brain and kidney, and was able to induce
the differentiation of goldfish monocytes into macrophages.
Furthermore, analysis of zebrafish M17 suggested that it is
syntenic to mouse and human LIF and OSM (Hanington and
Belosevic, 2007). In addition, goldfish LIFR has also been
identified, suggesting that the LIF/LIFR/gp130 signaling
mechanism may be conserved in fish (Hanington and Belosevic,
2005b).This study examines the expression and function of
zebrafish m17 (called zebrafish lif hereafter) and zebrafish lifr
during zebrafish embryogenesis and in the adult fish. Zebrafish
lif is expressed as early as 12 hours postfertilization (hpf) and
continues to be expressed into adulthood where it is highly
expressed in the brain and kidney. Zebrafish lifr is expressed as
early as 24 hpf and is highly expressed in the gill, brain, kidney
and spleen. In situ hybridization analysis indicated that both
zebrafish lif and lifr are expressed in the developing forebrain
and notochord. Morpholino-mediated knockdown of Lif
and Lifr resulted in obvious phenotypic defects in the lifr
morpholino-injected embryos by 48 hpf. lifr morphants exhibit
significant defects in the trigeminal, facial and vagal bran-
chiomotor neurons, visualized through the use of the Isl1-GFP
WIK transgenic zebrafish line. lifr morphant embryos also
exhibit improper axonal development, shown through labeling
with an anti-acetylated tubulin antibody, and display severe
hydrocephaly by 48 hpf. lif morpholino-injected embryos
display no detectable phenotypic differences from uninjected
controls. This is the first evidence that a LIFR-like molecule
plays a role in the neural development of bony fishes (teleosts).Materials and methods
Animals
Wild-type AB and Isl1-GFP WIK transgenic zebrafish (Danio rerio)
embryos were raised at 28.5 °C, and collected and staged as previously
described (Kimmel et al., 1995; Westerfield, 2000). Embryos and larvae were
anaesthetized in 0.02% tricaine (MS-222; Sigma Chemical, St. Louis, MO) in
phosphate-buffered saline (PBS) prior to all procedures. All protocols were
carried out in compliance with the guidelines stipulated by the Canadian Council
for Animal Care (CCAC) and the University of Alberta. To block pigment
formation in embryos and larvae, 0.003% phenylthiourea (PTU) was added to
the embryo media (Westerfield, 2000) at 20 hpf.
Embryos were fixed in 4% paraformaldehyde phosphate-buffered saline at
4 °C overnight and tissues were washed several times in PBS–T (PBS and 0.1%
Tween-20) prior to in situ hybridization.
DNA sequencing and in silico analysis of zebrafish lif and lifr
Zebrafish sequences for lif and lifr were identified by searching the
GenBank database using the NCBI website (http://www.ncbi.nlm.nih.gov). PCR
amplicons of zebrafish lifr (GenBank accession number: XP690397) and
zebrafish lif (GenBank accession number: NM001079833) were obtained by
RT–PCR. Primers for both transcripts were designed to amplify a product to be
used in expression analysis and in situ hybridization studies. The primers used
to amplify a 736-bp fragment of zebrafish lif were: sense (CTGCTGATGC-
TGAGGATGAGGATGAT) and antisense (GACGATGCATCCATAGACC-
TTCTGCT). The primers used to amplify a 788-bp fragment of zebrafish
lifr were: sense (GCAACAGGACCTACATCACAGAGA) and antisense
(CCCATGGCTTTGTTGATGAGACAG). In order to confirm the identity of
these PCR amplicons, each was gel extracted using the QIAquick Gel Extraction
kit (Qiagen) and cloned into the PCR 2.1 TOPO vector (Invitrogen) according to
the manufacturer's specifications. The vector was transformed into TOP 10
competent Escherichia coli (Invitrogen) and plated on LB plates containing
100 μg/ml kanamycin. Plates were incubated overnight at 37 °C and the next day
colonies were used as templates in a colony PCR reaction to confirm the presence
of the lif or lifr inserts. Positive colonies were grown overnight in LB medium
containing 100 μg/ml kanamycin and the plasmids were purified using the
QIAquick PCR purification kit (Qiagen), and sequenced using a DYEnamic ET
terminator cycle sequencing kit (Amersham Pharmacia) and a PE Applied
Biosystems 377 automated sequencer. Single-pass sequences were analyzed
using DNAstar (Lasergene) and subsequent gene annotations were conducted
using BLAST programs (http://www.ncbi.nlm.nih.gov/BLAST/).
Conserved motifs were identified, and subsequent predictions were based on
analytical tools provided in the ExPASy proteomics server (http://www.expasy.
org). Sequence alignments and the bootstrapping of the phylogenetic tree were
performed using MEGA 4 (Tamura et al., 2007) which uses the neighbor-joining
method for phylogenetic relationship calculation (Saitou and Nei, 1987).
Sequences used to generate the tree were obtained by BLASTp analysis of the
zebrafish Lifr amino acid sequence.
The sequences used for the LIF tree were: Danio rerio Lif (NM001079833),
Carassius auratus M17 (DQ861993), Cyprinus carpio M17 (AY102632),
Tetraodon nigroviridis M17 (CAF99247), Canis familiaris LIF (XM534732),
Sus scrofa LIF (NM214402), Bos taurus LIF (NM173931), Ovis aries LIF
(AAC05638), Macaca mulatta LIF (XM001108593), Homo sapiens LIF
(NM002349), Microtus arvalis LIF (AH236180), Ondatra zibethicus LIF
(AF034742), Mesocricetus auratus LIF (AY171245), Rattus norvegicus
LIF (NM013166), Mus musculus LIF (BC140353), Monodelphis domestica
LIF (XM001365167), Trichosurus vulpecula LIF (AF303448), Gallus
gallus LIF (XM425293), Mus musculus CT-1 (NM007795), Rattus norvegicus
CT-1 (NM017129), Homo sapiens CT-1 (NM001330), Canis familiaris CT-1
(XM843979), Bos taurus CT-1 (XM592709), Rattus norvegicus OSM
(NM001006961), Mus musculus OSM (NM001013365), Bos taurus
(NM175713), Canis familiaris OSM (XM849644), Macaca mulatta OSM
(XM001110148), Homo sapiens OSM (NM020530), Pan troglodytes OSM
(XM001136178), Gallus gallus CNTF (NM205492), Bos taurus CNTF
(XM607445), Sus scrofa CNTF (U57644), Rattus norvegicus CNTF
(NM013166), Mus musculus CNTF (BC027539), Oryctolagus cuniculus
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CNFT (XM001093229), Homo sapiens CNFT (NM00614), Bos taurus IL-6
(NP776348), Sus scrofa IL-6 (AAM74938), Homo sapiens IL-6 (NP000591),
Rattus norvegicus IL-6 (NP036721), Mus musculus IL-6 (NP112445), Gallus
gallus IL-6 (NP989959), Paralichthys olivaceus IL-6 (ABB90401), Tetraodon
nigroviridis IL-6 (CAD88198), Oncorhynchus mykiss IL-6 (ABI48359), Danio
rerio IL-11b (CA161347), Rattus norvegicus IL-11 (NP598203), Mus
musculus IL-11 (NP032376), Homo sapiens IL-11 (NP000362), Tetraodon
nigroviridis IL-11b (CA161345), Tetraodon nigroviridis IL-11a (CA161344),
Oncorhynchus mykiss IL-11 (CAD59686), Danio rerio IL-11a (CAI61346),
Cyprinus carpio IL-11 (CAG14936).
The sequences used for the LIFR tree were: Danio rerio Lifr (XP690397),
Carassius auratus LIFR (AAU94362), Tetraodon nigroviridis LIFR (class I
helical protein) (AAR25692), Ictalurus punctatus LIFR (ABD85556), Gallus
gallus LIFR (NP989906), Monodelphis domestica LIFR (XP001372289), Ca-
nis familiaris OSMR (XP546341), Rattus norvegicus LIFR (NP112310), Canis
familiaris LIFR (NP001005760), Macaca mulatta LIFR (XP001082842), Pan
troglodytes LIFR (XP001141959), Homo sapiens LIFR (AAB23884), Bos
taurus LIFR (XP587754), Mus musculus LIFR (NP038612), Homo sapiens
OSMR (NP003990), Pan troglodytes OSMR (XP001141406), Rattus norvegi-
cus OSMR (NP001005384), Mus musculus OSMR (BAA33725), Monodel-
phis domestica OSMR (XP001372196), Gallus gallus OSMR (XP425020),
Danio rerio OSMR (novel protein) (CAM13257), Tetraodon nigroviridis
OSMR (class I helical cytokine receptor number 28) (AAR25691), Mus
musculus gp130 (NP034690), Sus scrofa gp130 (ABL61275), Callithrix
jacchus gp130 (ABI18993), Pan troglodytes gp130 (XP001144341), Homo
sapiens gp130 (AAI17405), Rattus norvegicus gp130 (P40190), Macaca
mulatta gp130 (XP001100601).
Analysis of zebrafish lif and lifr transcript expression in tissues and
embryos
Total RNAwas isolated from the tissues of 10 zebrafish (kidney, spleen, gill,
liver, brain and heart) and zebrafish embryos at 2, 12, 24, 48 and 72 hpf using
TRIzol (Invitrogen) following the manufacturer's protocol. 3 μg of total RNA
was subsequently used to generate cDNA using the Superscript II cDNA
synthesis kit (Invitrogen). Prior to PCR the cDNA templates were quantified and
normalized to assure the same amount of cDNAwas used in each PCR reaction.
Zebrafish lif and lifr amplicons were amplified using the primer mentioned
above. The PCR protocol used to assess transcript expression was: 94 °C for
20 s, followed by 59 °C(lif)/61 °C(lifr) for 20 s and finally by 72 °C for 1 min
and 30 s (lif)/2 min (lifr). This protocol was repeated for 26 cycles and compared
to the expression of β-actin amplified using the same protocol for 24 cycles. The
primers used to amplify zebrafish β-actin are: sense (GCACGCGACTGA-
CACTGAAG) and antisense (GAAGGCCGCTCCGAGGTA).
Synthesis and purification of lif and lifr DIG-labeled RNA probes
lif and lifr PCR amplicons generated using the primersmentioned above were
ligated into the pCR 2.1 TOPO vector (Invitrogen) following the manufacturer's
protocol. Sense and anti-sense lif and lifrRNA probes were synthesized using T7
RNA polymerase (Invitrogen) to drive RNA synthesis using the T7 promoter of
the pCR 2.1 TOPO vector. Briefly, the vector was linearized using the restriction
enzyme Kpn1 (Fermentas). Linearized vector was phenol/chloroform extracted
and re-suspended in RNAse-free water. Linearization was confirmed by running
a sample of the purified DNA on an agarose gel. lif and lifr sense and anti-sense
probes were synthesized by adding 2 μg of linearized DNA to a reaction
containing T7 RNA polymerase and a DIG label in the recommended buffers
supplied with the DIG label (Roche). RNA probe synthesis was allowed to
continue for 2 h, after which the probe was purified using Sigma Spin
postreaction purification columns (Sigma) according to the manufacturer's
protocol. The presence of a purified probe was confirmed using a 2.2 M
formaldehyde gel and, after quantification, the probe was stored at −80 °C.
In situ hybridization
Whole-mount in situ hybridization was carried out on various develop-
mental stages of zebrafish as described previously (Prince et al., 1998). For RNAin situ hybridization, embryos were treated with proteinase K and hybridized at
65 °C with DIG-labeled probes (lif sense or antisense and lifr sense or
antisense). Hybridization of probes was detected with anti-digoxigenin (Roche)
and NBT/BCIP (Roche).
Embryo preparations were manually de-yolked, mounted in glycerol and
viewed on a Leica DMRXA upright microscope equipped with epifluorescence
(10× and 20×). Image capture was done using an Optronics camera and the
Picture frame software. Figures were assembled using Adobe Photoshop CS.
Generation and analysis of zebrafish lif and lifr morpholinos
Morpholino oligonucleotides (MOs) towards zebrafish lif and lifr were
selected based on the 5′ untranslated region and open reading frame of the
zebrafish lif and lifr sequences (Nasevicius and Ekker, 2000). Translation-
blocking lif and lifr morpholinos were generated by Gene-tools (www.gene-
tools.com), the antisense lif morpholino sequence was CAATCTCTGAGA-
CAGGCAGAGCATG and the antisense lifr morpholino sequence was
AGCACTCAATAGCCAGACCGACATG.
Both morpholinos were injected into single-cell stage zebrafish embryos at
concentrations of 2.5 mg/ml, in volumes of approximately 5 nl. Injected and
uninjected embryos were then incubated in embryo media at 28.5 °C for 24 h,
after which they were assessed for viability and changed to embryo media
containing PTU to prevent pigment formation. Wild type and Isl1-GFP WIK
transgenic zebrafish embryos injected with lif and lifr morpholinos were
assessed for morphological differences from uninjected controls under an
Olympus SZX12 stereoscope at 24, 48 and 72 hpf. Isl1-GFP transgenic
zebrafish were stage matched to 48 hpf and fixed in 4% paraformaldehyde for
4 h and then analyzed for differences in branchiomotor neuron development and
migration from uninjected controls using a Zeiss AxioImager Z1 compound
microscope. Z-stack images were photographed using a Zeiss LSM 510 confocal
microscope at 488 nm under a 20× objective, and were compiled using Zeiss
LSM Image Browser software.
Analysis of acetylated tubulin expression in Lif and Lifr knockdown
fish
Embryonic axon development was visualized in uninjected, lif and lifr
morpholino-injected embryos using an anti-acetylated tubulin antibody (Sigma-
Aldrich). Briefly, embryos were fixed at 48 hpf in Dents fixative (80%methanol,
20% DMSO) overnight at 4 °C and then washed 3×10 min in PBS–T (0.5%
Tween-20). Embryos were then blocked for 1 h in PBS–T with 2% BSA and
10% goat serum and incubated overnight at 4 °C in anti-acetylated tubulin
monoclonal antibody (Sigma-Aldrich) at a 1:500 dilution. Embryos were
washed the next day 3×10 min in PBS–T and then blocked for 1 h and
incubated in a goat anti-mouse secondary antibody conjugated to Alexa Fluor
488 (1:1000; Molecular Probes). Embryos were de-yolked, cleared in 70%
glycerol, mounted and photographed using a Zeiss LSM 510 confocal
microscope under a 20× objective.
Rescue of lifr morphant phenotype
Rescue of the lifr morpholino-induced phenotype was achieved by injecting
synthetic lifr mRNA into the single cell embryo prior to injection of the lifr
morpholino. Due to lack of 5′ UTR sequence information a portion of the
morpholino was created to the lifr ORF. This required the introduction of silent
mutations to the 5′ ORF of the lifr mRNA construct to prevent binding of the
morpholino to the rescue mRNA. First, PCR was performed to amplify the full
ORF of the zebrafish lifr using the primers: sense 5′AGATCTATGAGCG-
TATGGTTGCTCTCTGCTTTGCTTGTGTCTGATTGAGC 3′ and antisense 5′
TGATCATGTGCGTGGTTGTGCAAACTTAC 3′. This PCR product was
cloned into the T7TS expression vector (Krieg and Melton, 1984) and
transformed into TOP 10 competent cells (Invitrogen) before being grown
overnight at 37 °C, in 100 ml of LB media containing 50 μg/ml ampicillin.
Bacteria was collected and maxi-preped using the QiaQuick Maxi Prep kit
(Qiagen) according to the manufacturer's protocol. The plasmid containing the
lifr clone was then quantitated and 10 μg was linearized. lifr mRNA was
synthesized off of the linearized plasmid using T7 RNA polymerase
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a concentration of 0.1 μg/μl for injection into the embryo. Rescued embryos
were visualized and counted using a Zeiss AxioImager Z1 compound
microscope, then photographed using a Zeiss LSM 510 confocal microscope
under a 20× objective.Results
Expression of the lif and lifr transcript in zebrafish tissues and
developing embryos
Zebrafish lif and lifr transcript expression was assessed in
the tissues of adult and developing embryos of zebrafish using
RT–PCR. lif transcript expression is localized in the kidney and
brain of adult zebrafish and is detectable as early as 12 hpf. lif
transcript expression peaks between 24 and 48 hpf and remains
high at 72 hpf (Fig. 1). Adult zebrafish lifr transcript expression
is observed in the kidney, gill, brain and spleen with lower
expression levels in the liver. Like lif, lifr is expressed at 12 hpf
and the expression gradually increases until it reaches the
highest levels observed, at 72 hpf (Fig. 1).
Phylogenetic analysis of zebrafish Lif and Lifr
Zebrafish Lif is closely related to goldfish, carp and
pufferfish M17, an IL-6 cytokine we believe is similar to LIF
based on functional and genomic analysis done in the goldfish
and zebrafish (Hanington and Belosevic, 2007). The phyloge-
netic grouping containing M17 and zebrafish Lif appears to be
related to mammalian CNTF, and the grouping of M17/
zebrafish Lif and CNTF appear to be a basal group to all of
the IL-6 family cytokines that bind to LIFR (Fig. 2). Zebrafish
Lifr appears to be closely related to LIFRs of Carassius auratus
(goldfish), Ictalurus punctatus (channel catfish) and Tetraodon
nigroviridis (pufferfish). These fish LIFRs branch off from a
common ancestor of the mammalian and chicken LIFRs, which
are the fish LIFR's closest relative. The gp130 receptor subunit
appears to be the ancestral receptor of the LIFRs and the
oncostatin M receptors (OSMR). To date, no fish gp130
molecules have been identified; however, a zebrafish and a
pufferfish OSMR have been identified indicating that the
divergence of LIFR and OSMR may be traceable back to before
teleost fish (Fig. 3).Fig. 1. RT–PCR showing expression of lif and lifr in zebrafish embryos 2, 12,
24, 48 and 72 h post fertilization, and in the kidney (K), gill (G), brain (B), heart
(H), liver (L) and spleen (S) of adult zebrafish. lif and lifr expression was
compared to a β-actin loading control.Based on amino acid identity, zebrafish Lifr is most similar
to goldfish LIFR (60%). Catfish LIFR (45% identity) and
pufferfish LIFR (27% identity) appear to be its next closest
relatives. Amino acid identity between zebrafish Lifr and
mammalian and chicken LIFRs ranges from 19% to 21%.
OSMRs and gp130 molecules share very little amino acid
identity with zebrafish Lifr with between 19% to 24% and 15%
to 17% identity, respectively (Fig. 3).
Developmental expression of the lif transcript
The developmental expression of lif at 24, 48 and 72 hpf
was examined using in situ hybridization. At 24 hpf, a low
level of lif expression in the fore-, mid- and hindbrain as well
as the retina is observed (Figs. 4A, B). However, it remains
unclear from the in situ hybridization whether or not lif is
expressed throughout the CNS. This is likely because at this
developmental stage lif transcripts are expressed at relatively
low levels. At 48 hpf, the expression of lif is localized to the
otic vesicle, retina, presumptive cranial sensory ganglia and the
midbrain–hindbrain boundary (Figs. 4C, F). The expression of
lif at 72 hpf is similar to that observed at 48 hpf. Expression of
lif is also observed in the otic vesicle, retina and cranial
sensory ganglia. The expression in the retina appears to be
stronger at 72 hpf compared to earlier ages; lif is localized in
four distinct clusters of ganglia, presumably the trigeminal
(gV), facial (gVII), anterioventral ganglion (gAV) and ante-
riodorsal ganglion (gAD) (Fig. 4D). Interestingly, lif expres-
sion is not observed along the trunk muscles during the older
developmental stages (Fig. 4E). The sense probe did not show
any in situ staining suggesting that there was no non-specific
hybridization (Fig. 4G).
Developmental expression of the lifr
The expression patterns of the lifr at 24, 48 and 72 hpf are
shown in Fig. 5. lifr is strongly expressed in the notochord
(NC), forebrain (F) and otic vesicle (OV) at 24 hpf (Figs. 5A–
C). At 48 and 72 hpf, the expression of lifr is restricted to
regions of the cranial ganglia, fore- and midbrain, as well as the
retina (Figs. 5D, E). The sense probe did not show any in situ
staining suggesting that there was no non-specific hybridization
(Fig. 5F).
Functional analysis of Lif and Lifr in neuronal development
Previous studies have demonstrated a role for LIF and LIFR
in neuronal development and survival (He et al., 2006; Metcalf,
2003; Shimazaki et al., 2001). To determine if these molecules
possess a similar function in zebrafish embryonic development,
we depleted embryos of Lif and Lifr protein using two antisense
morpholino oligonucleotides (MOs) designed against the
translation initiation sites of lif and lifr mRNA, respectively.
lif MO-injected embryos exhibit normal morphology at 48 hpf
(Fig. 6B) when compared to wild type uninjected controls (Fig.
6A). In contrast, lifr MO-injected embryos display severe
hydrocephaly at this stage (Fig. 6C).
Fig. 2. Phylogenetic tree showing the relationships between LIF, M17, OSM, CNTF, CT-1, IL-6 and IL-11 from a number of different vertebrate species. Zebrafish Lif
groups together with M17 molecules of the goldfish, carp and pufferfish. These molecules appear to be phylogenetically related to the CNTFs of mammals and
together with CNTF appear to represent the basal group of the LIFR-specific IL-6 family cytokines. The phylogenetic tree was generated using the neighbor-joining
method and was bootstrapped 10000 times to increase confidence and no bootstrap value was lower than 57%. Open circle (○) – IL-11, Open square (□) – LIF, close
circle (•) – M17, close triangle (▾) – OSM, close diamond (O) – IL-6.
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hindbrain. To determine if these molecules are required for
proper neural development in this area, we examined the cranial
motor neurons of Lif-depleted and Lifr-depleted embryos using
Isl1-GFP transgenic zebrafish embryos. These embryos express
gfp under the control of a motor neuron-specific isl1 gene
enhancer (Higashijima et al., 2000). lif MO-injected embryos
do not exhibit any obvious defects in cranial motor neuron
number or position (Fig. 6E), when compared to wild type
controls (Fig. 6D). lifr MO-injected embryos, however,
demonstrate a severe reduction in trigeminal (nV) and facial
(nVII) branchiomotor neuron populations (Fig. 6F). Further-
more, the vagal (nX) motor neurons in lifr MO-injected
embryos exhibit aberrant medio-lateral positioning and cell-
to-cell spacing (Fig. 6F). The Isl1-GFP-expressing Rohon-
beard cells and spinal motoneurons of lifrMO-injected embryos
are indistinguishable from those of wild type embryos (data notshown), indicating that unlike mammalian LIFR, teleost LIFR
may not be associated with motor neuronal differentiation and
development.
Given that lif and lifr are both expressed in cranial sensory
ganglia, we analyzed the cranial axons of Lif-depleted and Lifr-
depleted embryos using an antibody against acetylated tubulin,
a protein that stains mature neurites (Chitnis and Kuwada,
1990). The cranial axons of lif MO-injected embryos resemble
those of wild type uninjected controls (Figs. 6G, H). lifr MO-
injected embryos possess a decreased number of cranial axons
(Fig. 6I). This is especially apparent in the tectum, where
acetylated tubulin staining is nearly abolished in lifr morphants
(Fig. 6I). lifr MO-injected embryos also exhibit extremely low
levels of axon staining in the dorsal longitudinal fascicle and
hindbrain neurons, but continue to demonstrate strong staining
in axons of the anterior commissure neurons and trigeminal
ganglion cells (Fig. 6I).
Fig. 3. Phylogenetic tree showing the relationships between LIFR, OSMR and gp130 molecules of different vertebrates. The Lifr of zebrafish (shown at bottom) groups
closest to the other known fish LIFR molecules, with the highest similarity to goldfish LIFR. The phylogenetic tree was generated using the neighbour-joining method
and was bootstrapped 10000 times to increase confidence and no bootstrap value was lower than 71%. Open circle (○) – LIFR, Open square (□) – OSMR, open
triangle (△) – gp130.
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oligonucleotide, we attempted to rescue the lifr morphant
phenotype by co-injecting lifr MO and lifr mRNA. Our lifr
mRNA has an altered sequence at the translation initiation site,
which prevents it from binding to lifr MO. This synthetic
mRNA continues to encode the normal Lifr amino acid
sequence. Embryos injected with lifr mRNA alone do not
exhibit any morphological phenotypes and do not appear to
possess any defects in developing cranial ganglia, when
compared to uninjected controls (Supplementary Figs. 1A, B).
91% (n=86) of lifrMO-injected embryos exhibit hydrocephaly
at 48 hpf (Supplementary Fig. 1C). Injection of lifr mRNA
almost completely rescues this phenotype (Supplementary Fig.
1E), as only 8% (n=101) of lifr mRNA and lifrMO co-injected
embryos exhibit hydrocephaly. Similarly, whereas 81% (n=64)
of lifr MO-injected embryos possess defects in branchiomotor
neuron development (Supplementary Fig. 1D), only 3% (n=66)of lifr mRNA and lifrMO co-injected embryos (Supplementary
Fig. 1F) demonstrate similar defects.
Discussion
Several studies have shown that the expression of LIF and of
LIFR occur in distinct areas of the mammalian brain (Alvarez-
Buylla et al., 2000; Alvarez-Buylla et al., 1996; Lois and
Alvarez-Buylla, 1994; Morshead et al., 1994; Reynolds and
Weiss, 1992), and that these proteins are crucial for the survival,
repair and formation of neurons as well as the maintenance of
neural and embryonic stem cells (Bauer and Patterson, 2006;
Conover et al., 1993; Eckert and Niemann, 1998; He et al.,
2006; Metcalf, 2003; Shimazaki et al., 2001; Smith et al., 1988,
1992; Williams et al., 1988). Recently, LIF- and LIFR-like
molecules have been identified in teleosts (Abe et al., 2007;
Fujiki et al., 2003; Hanington and Belosevic, 2005a, 2007;
Fig. 4. Embryonic and larval expression patterns of lif. (A, B) lif expression was observed to be most prominent in the retina, however expression was widespread and
there was no exclusive expression of lif in distinct areas of the brain. (C) At 48 hpf, lif was clearly visible in regions of the cranial sensory ganglia (asterisk, ∗), otic
vesicle (OV), retina (ret) and area of the midbrain–hindbrain boundary. (D) At 72 hpf, lif was present at relatively high levels in the retina, otic vesicle and the cranial
sensory ganglia. lif was localized in the presumptive trigeminal (gV), facial (gVII), anterioventral ganglion (gAV) and anteriodorsal ganglion (gAD). (E) lif was not
expressed in muscle and trunk neurons. (F) Expression of lif in the otic vesicle was visible at both 48 hpf and 72 hpf. (G) In situ hybridization pattern of the lif sense
probe. (t), telencephalon; (m), midbrain; (h), hindbrain; (cb), cerebellum; (rpe), retinal pigmented epithelium; (le), lens.
Fig. 5. Embryonic and larval expression patterns of lifr. (A, B) At 24 hpf, lifrwas highly expressed in the forebrain, midbrain and notochord. (C) lifrwas also visible in
the otic vesicle (OV) at 24 hpf. (D) At 48 hpf, lifrwas localized in regions of the cranial sensory ganglia (asterisk, ∗), retina and forebrain. (E) Expression pattern of lifr
at 72 hpf was similar to that at 48 hpf. lifrwas expressed in regions of the cranial sensory ganglia (∗) and forebrain. (F) lifrwas not expressed in trunk muscle and trunk
neurons. (f), forebrain; (m), midbrain; (h), hindbrain; (cb), cerebellum; (rpe), retinal pigmented epithelium.
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Fig. 6. Lifr-depleted, but not Lif-depleted embryos exhibit hydrocephaly and neural defects. (A–C) Live images of 48 hpf embryos in lateral view with anterior to left.
Embryos are wild type uninjected (A), injected with lifMO (B), or injected with lifrMO (C). Asterisk (∗) marks hydrocephaly observed in lifrmorphants, but not in lif
MO-injected or uninjected embryos. (D–F) Confocal fluorescent composite images of hindbrain branchiomotor neurons in wild type uninjected (D), lif MO-injected
(E), or lifr MO-injected (F) 48 hpf Isl1-GFP transgenic embryos. View is dorsal with anterior to left. (G–I) Confocal fluorescent composite images showing anti-
acetylated antibody-stained cranial axons of 48 hpf embryos. View is dorsal with anterior to left. Embryos are wild type uninjected (G), lif MO-injected (H), or lifr
MO-injected (I). Arrowhead indicates significant loss of staining in the tectum of lifr morphants. (tec), tectum; (ac), anterior commissure neurons; (dlf), dorsal
longitudinal fasciculus; (h), hindbrain; (tg), trigeminal ganglion.
257P.C. Hanington et al. / Developmental Biology 314 (2008) 250–260Hwang et al., in press). The present study examined the
expression and role of lif and lifr in zebrafish. We found that (1)
in adult zebrafish lif expression was restricted to the kidney and
brain, unlike that of lifr which was observed in the kidney, gill,
brain, spleen and liver; (2) both lif and lifr were identified as
early as 24 hpf of embryogenesis in the retina, cranial sensory
ganglia and the otic vesicles; and (3) Lifr was essential for
neuronal development and fish survival, whereas Lif was not.
Zebrafish lif expression in the brain and the kidney was
similar to that reported for other teleosts (Fujiki et al., 2003;
Hanington and Belosevic, 2007). Human LIF (hLIF) mRNA
was shown to be transcribed in the liver, heart, brain, kidney,
lung and thymus (Heinrich et al., 1998; Morel et al., 2000).
Chicken LIF (chLIF) was shown to be expressed in the heart,
liver, brain, kidney, thymus and spleen (Horiuchi et al., 2004).
The expression profile of LIF in teleosts differed from that of
the chLIF and hLIF and appeared to be similar to expression
profile of mammalian CNTF (Stockli et al., 1989). This
observation was supported by phylogenetic analysis that
suggested close relationship between zebrafish lif and mamma-
lian CNTFs. Interestingly, the goldfish LIF homolog was
functionally similar to mammalian LIF, and analysis of the
genomic arrangement of zebrafish lif and chromosomal
organization of goldfish M17 indicate that it was most similar
to LIF or OSM (Abe et al., 2007; Hanington and Belosevic,2007). In addition, zebrafish Lif, M17 and MSH are the only
putative LIFR-specific IL-6 family cytokines that have been
identified in an ectothermic organism (Abe et al., 2007; Fujiki et
al., 2003; Hanington and Belosevic, 2005a, 2007; Hwang et al.,
in press). This suggests that zebrafish Lif may represent the
functional ortholog of the LIFR-specific cytokines seen in
mammals, and that OSM, CNTF and CT-1 may have developed
from this ancestral molecule.
lif and lifr show little to no expression between 0 and 24 hpf.
Consequently, Lif–Lifr signaling does not appear to be an
important event during early stages of zebrafish development.
During the cleavage period (0–10 hpf) and prior to the
segmentation period (12–22 hpf), rapid cell division occurred,
and we speculate that during this time frame, the maintenance of
stem cells via Lif signaling was probably not required.
However, during the segmentation and hatching period (48–
72 hpf), organogenesis was completed and there may be a
requirement for Lif/Lifr interaction for the maintenance of stem
cells of various tissues. The lif expression pattern did not fully
match that of lifr during embryogenesis or the tissues of adult
fish. Similarly, during mouse embryogenesis, LIFR exhibited
differences in spatiotemporal expression patterns compared to
LIF (Nichols et al., 1996). To our knowledge, this is the first
report on the expression of lif in the otic vesicle, where it may
play a role in the development of the vestibulo-acoustic system.
258 P.C. Hanington et al. / Developmental Biology 314 (2008) 250–260LIF has been shown to possess multiple influences on the
nervous system including the survival of neurons. Recently, LIF
has been extensively studied for its potential role as an
environmental signal regulating retinal development. LIF
strongly influenced the neurogenesis of the vertebrate retina.
For example, in mouse retina LIF inhibited rod photoreceptor
cell differentiation and was shown to promote bipolar cells
differentiation (Neophytou et al., 1997; Roger et al., 2006).
These functions suggest that LIF helps in fine-tuning the
balance between photoreceptors and other retinal cell types and
hence plays a key role in the development of the retinal
architecture for proper vision. In developing nervous system,
LIF promoted the survival of embryonic sensory neurons
(Murphy et al., 1997, 1993). For example, LIF was shown to act
on developing cranial sensory neurons such as the trigeminal
ganglia by promoting their survival (Horton et al., 1998). It is
likely that Lif may have similar effects in these regions in the
developing zebrafish. However, we found that Lif-depleted
zebrafish developed normally without apparent neuronal
defects. Our result are consistent with those of several studies
where LIF knockouts exhibited no signs of phenotypic
abnormality or neuronal defects (Kopf et al., 1994; Murphy et
al., 1997; Stewart et al., 1992). Thus, our findings suggest that
the role of Lif was redundant in terms of zebrafish neural
development and that it can be compensated for by the
remaining LIFR/gp130 stimulating cytokines, possibly CNTF,
CT-1 or OSM if they exist in fish, or the M17 homolog (MSH).
Consistent with this suggestion, it was shown that neuronal
deficits in mice were only observed when both LIF and CNTF
genes were knocked out (Sendtner et al., 1996).
LIFR has been shown to be involved in neuronal formation
and survival (He et al., 2006; Shimazaki et al., 2001). Here we
showed that Lifr knockdown resulted in important phenotypes
relevant to cranial ganglia development, tectum development,
branchiomotor development, and vagal motor neuron position-
ing. These results not only suggest that Lifr signaling was
important for neuronal development but showed that the
receptor and not the ligand was of critical importance for the
development of zebrafish. lifr morphants died within 6 days
postfertilization which may be due to the disruption of vital
multiple organ systems affected by the knockdown (Li et al.,
1995). We also observed partial reduction in the number of
cranial axons suggesting that some cranial neurons use different
signaling pathways in their proliferation, differentiation, main-
tenance and survival. Motor neuron development was severely
affected in LIFR-deficient mice (DeChiara et al., 1995; Li et al.,
1995; Murphy et al., 1997). However, our lifr morphants did
not show detectable loss of spinal motoneurons. These results
suggest that Lifr signaling may not be involved in motor
neuronal differentiation and maintenance during development.
It will be interesting to examine whether zebrafish motor
neurons are also affected in gp130-deficient zebrafish.
In conclusion, we have characterized the expression of Lif/
Lifr during zebrafish embryogenesis and in the tissues of adult
zebrafish. We provide evidence that adult zebrafish express lif
in the brain and kidney, and that embryonic fish express lif in
the otic vesicle, retina and cranial sensory ganglia. We alsodemonstrate that lifr is expressed in the zebrafish kidney, gill
brain and spleen as early as 12 hpf and that, in addition, the
presence of Lifr is crucial for proper neural development in
zebrafish.
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